population [20] , and hip replacement surgery is increasingly employed for fracture repair [21] . No studies have examined the impact of such changes on trends in the risk of a recurrent hip fracture. To address this issue, we extended an earlier population-based study of hip fractures among Rochester, Minnesota residents in 1928-1992 [20] to include residents of the rural portion of the community where hip fracture rates are lower [22] and updated it through 2006. This report focuses on the declining incidence of first hip fractures and trends in the risk of hip fracture recurrence among Olmsted County, Minnesota residents over the 26-year period, 1980-2006.
Materials and methods
Population-based research can be conducted in Olmsted County because medical care is virtually self-contained within the community and there are relatively few providers [23] . Most orthopedic care, for example, is provided by the Mayo Clinic, which has maintained a common medical record with its two affiliated hospitals (St. Marys and Rochester Methodist) for over 100 years. Recorded diagnoses and surgical procedures are indexed, including the diagnoses made for outpatients seen in office or clinic consultations, emergency room visits, or nursing home care, as well as diagnoses recorded for hospital inpatients, at autopsy, or on death certificates. Medical records of the other providers who serve the local population, most notably the Olmsted Medical Center with its affiliated Olmsted Community Hospital, are also indexed and retrievable [23] . Thus, details of the medical care provided to community residents are available for study through this unique medical records linkage system (the Rochester Epidemiology Project).
Following approval by the Institutional Review Boards of Mayo Clinic and the Olmsted Medical Center, we used this database to identify all hip fractures that occurred among residents of the central city of Rochester during the 79-year period, 1928 through 2006, and for residents of Olmsted County in toto (including the rural areas) from 1980 through 2006. Except for four patients who declined to authorize the use of their records for research [24] , detailed providerlinked inpatient and outpatient medical records were reviewed for all local residents with any diagnosis attributable to diagnostic rubric 820 in the International Classification of Diseases, Ninth Revision, Clinical Modification [25] or equivalent codes in earlier classification systems. Almost all were admitted to local hospitals, but the availability of outpatient data allowed us to identify fractures that occurred elsewhere, as well as a few nursing home residents who were not hospitalized. All hip fractures were included except uncommon isolated fractures of the greater or lesser trochanter. Subtrochanteric fractures, which account for about 5% of all proximal femur fractures [26] , and those more distal on the femur were excluded. Radiographic confirmation was obtained in virtually all instances, but the original radiographs were not available for review. Designation of the fracture site as femur neck (cervical) or intertrochanteric was, therefore, based on radiologists' and surgeons' reports. Likewise, differentiation of initial from recurrent hip fractures was based on review of complete contemporary medical record documentation.
Incidence rates were estimated separately for the people affected by their first-ever hip fracture, as well as for all hip fracture events that occurred during the study period (including those observed among individuals whose firstever hip fracture had occurred prior to residency in the community). In calculating hip fracture incidence rates, the entire population of Olmsted County was considered to be at risk. Denominator age-and sex-specific person-years were estimated from decennial census data with linear interpolation between census years [27] and extrapolation from 2000 to 2006. Assuming that fracture risk for any individual is approximately constant over intervals defined in the underlying rate table (e.g., 1 year), the likelihood is equivalent to a Poisson regression [28] allowing the use of standard software to estimate standard errors and calculate 95% confidence intervals (95%CI). Incidence rates for all hip fracture events and for first-ever hip fractures alone were directly age-and/or age-sex-adjusted to the population distribution of U.S. whites in 2000; confidence intervals for the adjusted rates are based on the same assumptions as above.
To assess secular trends, the relation of crude hip fracture incidence to age, sex, and year of fracture was assessed using Poisson regression [29] . Such models fit the predicted event rate as the exponential of a linear combination of gender, age group, and calendar year. Temporal changes in age-and/or age-sex-adjusted incidence rates were evaluated using least squares regression analysis; the slope relative to calendar year was allowed to change at the "best" potential inflection point, based on a systematic examination of all years.
Among those whose first-ever hip fracture occurred while residing in Olmsted County, the cumulative incidence of a second hip fracture was estimated for up to 20 years following the initial fracture using product-limit methods [30] . In the customary approach, patients who die are censored; when the death rate is high [31] , however, this overestimates recurrent fracture risk as observed by attending physicians. Therefore, we treated death as a competing event in an alternative analysis [32] . Because fracture recurrence might be reduced among persons treated with hip arthroplasty, some analyses censored follow-up when an arthroplasty was used to repair the first-ever hip fracture or was performed during follow-up. Kaplan-Meier and Hakulinen methods were also used to assess survival compared to expected death rates from the Minnesota white population. Observed and expected cumulative incidence estimates, as well as survival curves, were compared using the log-rank test [33] .
In the group with a first-ever hip fracture, we also compared the number of subsequent hip fractures observed (based on the first recurrent hip fracture per person) to the number expected in this cohort during their follow-up in the community, i.e., standardized incidence ratios (SIR). Expected numbers were derived by applying calendar year-, age-, and sex-specific first hip fracture incidence rates from the local population to the calendar year-, age-, and sex-specific person-years of follow-up in the cohort and summing over the strata. Ninety-five percent confidence intervals for the SIRs were calculated as above [28] . Poisson regression was also used to assess the relative impact of calendar year of follow-up, adjusting for the expected number of fractures.
Finally, Andersen-Gill time-to-fracture regression models [34] were used to assess the impact of various covariates (i.e., age, gender, cause, and site of the first-ever hip fracture) on the subsequent risk of another hip fracture. These models allow for the use of multiple hip fractures per subject, while appropriately accounting for the correlation. Univariate relationships between the risk of recurrent hip fractures and each clinical characteristic under consideration were first assessed. Stepwise methods with forward selection and backward elimination were then used to choose independent variables for the final models. For both univariate and multivariate models, the assumption of proportional hazards was examined for the variables considered.
Results
During the 26-year study period, 1980-2006, 2,752 hip fractures occurred among Olmsted County residents (median age, 83 years; 76% female), excluding four isolated fractures of the greater or lesser trochanter. In accordance with the racial composition of the community (96% white in 1990), 97% of the patients were white. Altogether, 2,441 (89%) represented a first-ever hip fracture, including seven bilateral hip fractures, whereas the remaining 311 represented subsequent events. The overall age-and sex-adjusted (to 2000 U.S. whites) incidence of any hip fracture among Olmsted County residents during the study period was 119 per 100,000 person-years (95%CI=114-123), including 105 per 100,000 person-years (95%CI=101-110) for firstever hip fractures, and 13 per 100,000 person-years (95% CI=12-15) for recurrent events. Incidence rates for all hip fractures and for first hip fractures alone are delineated in Table 1 for the 5-year period, 1998-2002, the best compromise between recent fracture numerator data and accurate population denominator estimates anchored on the 2000 census. However, fracture incidence rates for Rochester residents peaked for women in 1950 and for men in 1975 (Fig. 1) . Between 1980 and 2006, first-ever hip fracture incidence in Rochester declined by 1.40%/year in women and was unchanged (0.04%/year) in men, while rates for rural Olmsted County residents fell by 1.26%/year in women and 0.79%/year in men. For Olmsted County as a whole, first fracture rates declined by 1.37%/year among women (p<0.001) and 0.06%/year among men (p=0.917) over this period. Comparable changes for all hip fractures since 1980 were −1.42%/year (p<0.001) and −0.44%/year (p=0.390) for women and men, respectively. These trends were the result of hip fractures precipitated by moderate trauma (by convention, the equivalent of a fall from standing height or less), which accounted for 86% of all fractures. The overall incidence (both sexes combined) of hip fractures due to severe trauma (e.g., motor vehicle accidents and falls from greater than standing height; 13% of the total) and specific pathological processes (e.g., metastatic malignancy; 1% of the total) changed only by −1.4%/year (p=0.071) and 5.9%/year (p=0.302), respectively, between 1980 and 2006.
There were 2,434 patients with a first-ever hip fracture (1,832 women and 602 men), of whom 219 (186 women and 33 men) experienced 222 recurrent hip fractures in over 10,000 person-years of follow-up (to death in 76% of cases). The average time between the first and second hip fracture was 3.9 years (median 2.7 years), 4.0 years (median 2.8 years) in women and 3.4 years (median 2.1 years) in men. The cumulative incidence of a subsequent one increased steadily by time after the firstever hip fracture event and, after 20 years, was 29% (32% in women and 18% in men) when follow-up was censored at death (Fig. 2) . At 10 years, the figure was 19% (20% in women and 12% in men). However, mortality was high in this population: After 1 year, 22% had died compared to an expected 9%, and analogous figures after 10 years were 80% and 63%, respectively (p<0.001). Relative survival (observed versus expected) was similar in men (53%) and women (56%) at the 10-year point, and there was no significant change in mortality over calendar time after adjusting for age and sex (p=0.237). Figure 2 also shows the results with death taken into account as a competing risk. In this analysis, more reflective of what would actually be observed in practice, the estimated cumulative incidence of a recurrent hip fracture was only 10% at 10 years (11% in women and 6% in men) and 12% after 20 years (13% in women and 7% in men).
Compared to age, sex-, and calendar year-specific first hip fracture rates for the population generally, the overall relative risk of a recurrent hip fracture among the 2,434 with a first-ever hip fracture was 1.7 (95%CI=1.5-2.0) and was similar for residents of urban Rochester (SIR=1.7; 95%CI=1.5-2.0) and rural Olmsted County (SIR=1.7; 95%CI=1.2-2.3). The influence of selected characteristics at baseline (time of the first-ever hip fracture) on recurrent hip fracture risk is delineated in Table 2 . There it can be seen that the relative risk of another fracture, adjusting for the expected risk of fracture, was lowest in those with a first-ever hip fracture in 2000-2006 in contrast to earlier decades, although this trend was not statistically significant (p=0.080). In addition, recurrent hip fracture risk differed by age (p<0.001) and gender (p=0.011). There seemed to be little effect related to the etiology of the initial fracture (p=0.606), except for a trend toward increased risk in the small number with a pathologic hip fracture at baseline. Finally, the relative risk of a subsequent hip fracture, adjusting for expected hip fractures, seemed equivalent regardless of the type (femur neck, intertrochanteric) of first hip fracture (p=0.244) or the side that was affected (p= 0.839). All results were similar when each patient's individual hips were followed separately (data not shown).
However, this analysis obscures important information evident when the first-ever hip fracture type and side are considered together (Table 3) . Thus, compared to sitespecific Olmsted County first fracture rates, it is clear that patients with an initial femur neck fracture are at much greater relative risk of a recurrent femoral neck fracture in the opposite hip than they are of a contralateral intertrochanteric fracture or any recurrent fracture in the same hip. In part, the low risk of an ipsilateral fracture could have been due to the fact that 65% of patients with a first-ever femoral neck fracture had a hip arthroplasty at some point (90% within 3 months of fracture). However, when hips were followed separately and censored at arthroplasty, the result was similar with an overall relative risk of recurrence in the same hip of just 0.6 (95%CI=0.2-1.2). Likewise, the patients with an initial intertrochanteric hip fracture were at greatest risk of a recurrent contralateral intertrochanteric fracture (Table 3) . They also were not at increased risk of any ipsilateral hip fracture recurrence. Only 14% of this group ever had a hip arthroplasty (60% within 3 months of fracture) but, again, when follow-up was censored at arthroplasty, the relative risk of a recurrent fracture in the same hip was only 0.2 (95%CI=0.1-0.5). For all patients combined, the relative risk of a recurrent hip fracture in the same hip (censored at arthroplasty) was 0.3 (95%CI=0.2-0.5) and in the opposite hip was 3.2 (95%CI=2.8-3.7). In a multivariate Andersen-Gill analysis, the only independent predictors of higher hip fracture recurrence were greater age (hazard ratio [HR] per 10-year increase= 1.5; 95%CI=1.4-1.7) and more recent calendar year of the first-ever hip fracture, which was protective (HR per 10-year increase=0.8; 95%CI=0.6-0.9).
In order to determine if the trend to reduced hip fracture recurrence was related to the decline in hip fracture incidence generally, we described the temporal trend in hip fracture recurrence relative to expected hip fractures based on first-ever hip fracture incidence rates in the community (Fig. 3) . While the relative risk of recurrence beyond expected seemed to decline after 1997, the overall downward trend did not achieve statistical significance in this analysis (p=0.105).
Discussion
Altogether, 9% of the subjects in this cohort who experienced a first-ever hip fracture in 1980-2006 have experienced a recurrent hip fracture (10% in women and 5% in men), which is consistent with the 6-9% figure in most previous reports [3, [5] [6] [7] [8] [9] [10] 13] . Of these, 23% occurred within 1 year following a first-ever hip fracture and 70% within the first 5 years. However, the absolute risk of recurrence is better estimated by cumulative incidence. In the usual approach, the cumulative incidence of a second hip fracture is conditional upon survival to that point and, at 10 years, was 19%. By 10 years, however, 80% of the hip fracture patients had already died. Taking death into account as a competing risk, the cumulative incidence of a second hip fracture at 10 years was only 10%. Although death rates following the first hip fracture were greater in men than women as seen in other studies [31] , the relative discrepancy in 10-year cumulative incidence of hip fracture recurrence, with and without taking death into account, in men (6% versus 12%) was comparable to the figures in women (11% versus 20%).
It has long been known that hip fracture incidence increases with age [35] , and relative growth of the elderly population has been accompanied by a shift to older average age at the time of hip fracture [20] . Consistent with aging of the population nationally, the proportion of individuals in the Olmsted County population ≥65 years of age rose from 6% in 1930 to 11% in 2005, while the proportion ≥85 years old changed from 0.4% to 1.6%. Correspondingly, the mean age at hip fracture increased from 65.2 years in 1929-1942 to 78.9 years in 1983-1992 [20] and to 81.8 years in [2001] [2002] [2003] [2004] [2005] [2006] . This might suggest some "compression of morbidity" from a shorter duration of postfracture disability preceding death [36] . However, like others [20, 37] , we found no secular trend to reduced relative survival following a first-ever hip fracture, and in the multivariate Andersen-Gill analysis, greater age was an independent predictor of hip fracture recurrence as reported also by others [12] . Adjusting for age, there was no effect on hip fracture recurrence of gender, urban versus rural residence, or etiology (i.e., severe versus moderate trauma as a cause of the first-ever hip fracture). Other recent studies have shown that high-energy fractures are as strongly associated with subsequent fracture risk as are the moderate trauma fractures traditionally attributed to osteoporosis [38] .
The only other independent risk factor in the multivariate analysis was a protective effect of calendar time with lower recurrence rates following the first-ever hip fractures in 2000-2006 compared to those occurring in the preceding two decades. The explanation for this is not readily apparent. Certainly, the overall hip fracture rates themselves were declining with time, but the improvement in hip fracture recurrence in recent years was seen even after taking the background changes in first-ever hip fracture incidence into account. Moreover, our analysis was somewhat conservative in that expected hip fracture recurrences were estimated from first-ever hip fracture rates that assumed the entire Olmsted County population to be at risk. These rates would be 2%, 7%, and 17% higher in women aged 65-74, 75-84, and ≥85 years, respectively, if hip fracture prevalence (i.e., the population not at risk of a first-ever hip fracture) were taken into account [20] ; firstever hip fracture rates for Olmsted County men would be 1%, 3%, and 6% higher, respectively, in those age groups. Trends in hip fracture recurrence did not appear to reflect greater use of total or hemiarthroplasty for hip fracture repair since there was no association of age, gender, or calendar time with the use of hip arthroplasty: 44%, 39%, and 43% of the patients with a hip fracture in 1980-1989, 1990-1999, and 2000-2006 , respectively, underwent hip arthroplasty either at the time of surgery or during subsequent follow-up. Moreover, arthroplasty is used mostly for femoral neck fractures [13] , and the trend to decreasing recurrence was similar following an initial intertrochanteric fracture (−2%/year) and an initial femoral neck fracture (−3%/year).
The downward deflection in hip fracture recurrence after 1997 that is seen in Fig. 3 does coincide with the introduction of potent bisphosphonate therapy, and others have speculated that more aggressive osteoporosis treatment strategies could be responsible for the secular decline in hip fracture rates generally [18, 19] . Although pharmacologic intervention could also be efficacious in reducing hip fracture recurrence [14] , it appears that only a minority of hip fracture patients are so treated [13, 39] . Moreover, we are unaware of specific, systematic changes in osteoporosis management among hip fracture patients in the community during this interval.
Although one might question the generalizability of these data from a small Midwestern community that is predominantly white and better educated than the white population of the United States as a whole [23] , the overall annual incidence of hip fractures among persons ≥50 years of age in Olmsted County in 1999-2001 (386 per 100,000) is very close to the 391 per 100,000 figure for United States whites generally in 2001 [40] . Nonetheless, interpretation of these data is significantly limited by the lack of information on trends in hip fracture risk factors (e.g., bone density, bone turnover, and falls). It also was not possible in the present study to determine if the recent decline in hip fracture recurrence could be attributed directly to improved management of hip fracture patients or, instead, to a reduction in underlying comorbid factors [4, 9] or an increase in obesity [41] among the survivors of a first-ever hip fracture. This is an important matter to resolve since substantial further improvement should be possible if better pharmacologic [14] and rehabilitation [42] regimens are responsible, although evidence for their effectiveness in preventing hip fracture recurrence is equivocal [43] [44] [45] . In addition, most recurrent hip fractures mirror the anatomic type (femoral neck or intertrochanteric) of the initial one [3, 5, 6, 9] , and this may provide a basis for more focused interventions.
